active HNLs lacking FAD are found in some cyanogenic a-Hydroxynitrile lyase (HNL, acetone-cyanohydrin plants, e.g., flax, sorghum, rubber tree, and cassava. lyase, EC 4.1.2.37) was purified to homogeneity from Both types of HNLs show substrate specificity for eipetioles of cassava (Manihot esculenta Crantz). The pu-ther aromatic or aliphatic cyanohydrins.
HNL has been purified and characterized. Its properties are different from those reported for the HNL from cassava leaf. a-Hydroxynitrile lyase (HNLs) 2 are of interest for two main reasons. First, HNLs catalyze the breakdown MATERIALS AND METHODS of cyanohydrins into corresponding ketones or aldePlant material. Cassava roots, stems, petioles, and leaves from hydes and HCN in cyanogenic plants (1, 2). Second, local plantations were purchased from the main market at Pak-Klong Ta-lad in Bangkok.
HNLs have been shown to be valuable biocatalysts for the production of optically active a-hydroxynitriles Purification of cassava petiole HNL. Cassava petioles were chopped and homogenized in a blender containing ice-cold 50 mM from HCN and ketones or aldehydes and these prodimidazole-HCl, pH 6.0, with 10% glycerol in a ratio of 2 ml to 1 g ucts are potentially useful intermediates for the fine tissue. Phenylmethylsulfonyl fluoride (0.1 mM) and 2% (w/v) polyvichemical and pharmaceutical industries (3, 4) . Several nylpolypyrrolidone were added. The tissue was homogenized three plant HNLs have been characterized and fall into two times for 10 s at low speed. The homogenate was filtered through a Miracloth sheet in a Buchner funnel to remove insoluble material.
groups, namely one which contains flavin-adenine di-
The filtrate was centrifuged at 10,000g for 30 min at 4ЊC in a Sorvall nucleotide (FAD) as a prosthetic group and one which RC 2-B refrigerated centrifuge and then the supernatant was collacks it (5) (6) (7) (8) (9) (10) . Flavoprotein HNLs are found only in lected and kept at 020ЊC for further use. members of the family Rosaceae, e.g., cherry, peach,
The petiole HNL extract was fractionated by ammonium sulfate apricot, almond, plum, and apple. On the other hand, precipitation at 4ЊC. The precipitate at 60-80% saturation was collected by centrifugation at 10,000g for 1 h at 4ЊC. The precipitate was redissolved in a small volume of extraction buffer, 50 mM imidaz-1 To whom correspondence should be addressed. Fax: (662) ole-HCl, pH 6.0, with 10% glycerol, and dialyzed overnight against an excess volume of the same buffer. ture for 30 min. The rubber cap was then removed and the center tube was taken out from the vial. Then 0.6 ml of distilled water was added to the solution in the center tube. The absorbance at 515 nm of the solution was measured using a Shimadzu uv spectrophotometer. Using a cyanide standard curve, the amount of hydrogen cyanide formed was determined. Because the substrate, acetone cyanohydrin, was itself labile at pH 5.0 and above, an enzyme blank was performed in parallel, and any autohydrolysis of the substrate was corrected in the calculation of the enzyme activity.
Native molecular weight determination. The native molecular weight of petiole HNL was determined by gel filtration on the Sephadex G-200 column used in the purification. The column was calibrated with the following molecular weight standards from Pharmacia: aldolase (M r 158,000), bovine serum albumin (M r 66,000), chymotrypsinogen A (M r 25,000), and ribonuclease A (M r 13, 750 to the method of Lowry et al. (15) using bovine serum albumin as the standard.
SDS-PolyacrylamideGelElectrophoresis(SDS-PAGE).
Denaturing gel electrophoresis on a slab gel system according to the modi-A 5-ml aliquot of the 60-80% ammonium sulfate fraction (about fied method described by Laemmli (16) . Standard molecular 65 mg protein) was loaded onto a Sephadex G-200 column (52 1 2.5 weight markers were phosphorylase b (M r 94,000), bovine serum cm) in 50 mM imidazole, pH 6.0, with 10% glycerol and eluted at the albumin (M r 68,000), ovalbumin (M r 43,000), and cytochrome c (M r flow rate of 10 ml/h. Fractions of 2 ml each were collected using a 12,500). The gel was stained for 2 h with 0.2% Coomassie brilliant LKB 7000 Ultrorac fraction collector. Protein profile was monitored blue R-250. by measuring the absorbance at 280 nm. The enzyme activity was Determination of pH optimum and pH stability. An aliquot (10 assayed as described below. The active fractions were pooled. The mg) of the purified enzyme was assayed in 0.15 M citrate-phosphate pooled solution was filtered through a 0.45-mm membrane filter (SM, buffer, pH 3 to 6.5. Autohydrolysis of the substrate at each pH value Millipore, Sartorius, Germany). A 2-ml aliquot of the filtrate sample, was determined in the absence of the enzyme. about 1.2 mg protein, was injected into a Mono Q HR 5/5 column To determine the pH stability, the purified enzyme was exposed which was previously equilibrated with 50 mM imidazole-HCl to universal buffer, pH 4 to 11, for 2 h at room temperature before buffer, pH 6.0, containing 5% glycerol using a fast protein liquid being assayed at pH 5.0 using 0.75 M citrate -phosphate buffer, chromatography system (Pharmacia, Uppsala, Sweden) and eluted pH 5.0. with a stepwise gradient of 0-0.5 M sodium chloride (3 steps: 0-Determination of isoelectric point (pI). Isoelectric focusing of the 0.075; 0.075-0.075; 0.075-0.5) in the same buffer at a flow rate of purified enzyme was performed in a Bio-Rad mini-gel IEF apparatus, 1 ml/min. Fractions, each of 1 ml, were collected and assayed for using the pH range of 3 to 10 of Ampholine or Pharmalyte (Phar-HNL activity. HNL was eluted as a single peak at 0.075 M NaCl. Each macia). The standard pI markers (Pharmacia) were amyloglucosichromatography took 25 min and the chromatography was repeated dase (pI 3.5) soybean trypsin inhibitor (pI 4.55), bovine carbonic anseveral times to obtain adequate amount of the purified enzyme. The hydrase B (pI 5.85), lentil lectin, acidic band (pI 8.15), lentil lectin, active fractions were pooled and used in the study.
basic band (pI 8.65), and trypsinogen (pI 9.30). Assay of HNL activity. HNL activity was determined by estimating the HCN liberated enzymatically from acetone cyanohydrin by Determination of kinetic constants. HNL activity was assayed with increasing concentrations of acetone cyanohydrin. The saturathe modified method of Eksittikul and Chulavatnatol (14) . The assay was performed in a scintillation vial holding a center tube which tion curve and its Lineweaver-Burk plot were constructed by fitting the data into a nonlinear regression computer program, Enzyme contained 0.4 ml of 0.5% picric acid in 2.5% sodium carbonate and sealed with a rubber cap. The 2-ml reaction mixture in the vial conFitter Program (ENZFIT) from Elsevier Biosoft (Cambridge, UK). Both K m and V max values were calculated using the program. The tained 0.15 M citrate-phosphate buffer, pH 5.0, an aliquot (100 ml) of enzyme, and 8 mM of acetone cyanohydrin. The substrate was inhibitor constant (K i ) was determined by varying the inhibitor concentration using Dixon plots. Each value was the mean { standard added last to minimize its autohydrolysis. The vial was incubated at 37ЊC in a shaking water bath for 3 min and then the reaction was error.
The inhibitors were singly dissolved in water and added to the stopped by injecting 0.5 M cold HCl into the reaction mixture. The vial was further shaken in the shaking water bath at room tempera-assay mixture without prior incubation with the enzyme. For better be homogeneous by SDS -PAGE (Fig. 1) . The overall purification resulted in a high yield of HNL (43%) with a specific activity of 47.5 mmol/min/mg (Table  I) . Furthermore, the SDS -PAGE yielded the subunit molecular weight of the purified HNL from cassava petiole as 25,600. Based on the native molecular weight from the gel filtration step and the subunit molecular weight by SDS -PAGE, the cassava petiole HNL should be a homotetramer. The purified HNL from the Mono Q column was found to show a pI of 4.7 by isoelectrofocusing (Fig.  2) . Two very faint bands, one slightly above and one slightly below the major band, were found to have pI values very close to that of the major band. mmol/min/mg), and mature leaves (0.04 mmol/min/mg). protein from the Mono Q column was confirmed to The HNL activity showed a sharp pH profile with an The activity of cassava HNL was quite stable at room temperature for 2 h in the pH range of 6 to 11. In optimum at pH 5.0. In the acidic pH range of 3.0 to 5.0, the activity increased rapidly from a very low activ-the pH range of 6 to 4, the HNL activity decreased gradually. At pH 4, the activity was 10% that at pH 6. ity at pH 3.0 to the optimal activity. When pH increased from 5.0 to 5.5, the activity dropped slightly. Further increase of pH from 5.5 to 6.0 caused a sharp drop in the enzyme activity. The autohydrolysis of acetone Kinetics and Inhibitors of Cassava Petiole HNL gous to its substrate and ketones to the product act as competitive inhibitors to the petiole HNL activity. The purified HNL from cassava petiole was found to However, the aldehydes not only are noncompetitive exhibit simple Michaelis-Menten kinetics with a K m inhibitors but also are more potent than the correvalue for acetone cyanohydrin of 4.0 { 0.9 mM and a sponding alcohols (Table V) . The strong inhibitory ef-V max value of 46.2 { 5.0 mmol/min/mg (mean { SD; n fect being limited to compounds with 4 carbons implies Å 18). Several alcohols, aldehydes, and ketones were a stringent structural specificity of the active site of found to inhibit the HNL activity. However, different the petiole HNL. Because some alcohols, aldehydes, effects on the kinetic parameters of the HNL were and ketones can serve as substrates for the reverse noted among the inhibitors. The alcohols caused large reaction of HNLs (4, 17) , the observed inhibitory effects increases in the K m value for acetone cyanohydrin but may be caused by the reverse reaction in the presence little changes in the V max value (Table II) . On the other of these compounds. Work is now in progress to charachand, the aldehydes strongly suppressed the V max value terize the active site and the reverse reaction of the with slight effects on the K m value (Table III) . Like the enzyme. alcohols, the ketone inhibitors caused large increases in the K m but not the V max values (Table IV) . Based on ACKNOWLEDGMENTS these data, the alcohols and the ketones were competiThe work was supported by a grant from the European Union tive inhibitors of the HNL, whereas the aldehydes were (STD3). S.C. received a graduate fellowship from the National Scinoncompetitive inhibitors. Furthermore, the estimated ence and Technology Development Agency of Thailand. K i values of these inhibitors (Table V) showed that the inhibitors containing 4 carbon atoms exhibited a REFERENCES stronger effect (a lower K i ) than those containing fewer
